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Introduction 1 4
Population stratification (PS) is a classic confounding factor in genetic association studies of common 1 5
Materials and methods 3 7
We propose a new approach, LocPerm, in which permutation is restricted such that each individual 3 8
can be exchanged only with one of its nearest neighbors in terms of a PC-based genetic distance 3 9
(Supplementary note). Here, we focused on a binary phenotype and the cohort allelic sum test (CAST) 4 0 approach (12) implemented in a logistic regression framework, using the likelihood ratio test (LRT) 4 1 statistic. The LocPerm p-value can be calculated by either the usual full empiric (FE) approach (in 4 2 which the p-value is equal to the number of permutation samples with a test statistic as extreme as that 4 3 observed, divided by the total number of permutation samples), or a semi-empiric (SE) approach. In 4 4 the SE approach, a limited number of permuted statistics are used to estimate the mean (m) and 4 5 standard deviation (σ) of the test statistic under the null hypothesis, and the p-value is calculated from 4 6 the N(m, σ ²) distribution (Supplementary note).
7
We performed a simulation study based on real NGS data, to assess the type I error and power of the 4 8
LocPerm procedure in the context of small sample sizes. We compared LocPerm to the asymptotic 4 9
CAST approach with (CAST-3PC) and without (CAST) inclusion of the three principal components 5 0 (PCs) in the regression model, and to standard permutations applied to CAST. We extracted 1,523 5 1 individuals -745 of Southern European ancestry, 651 of Central European ancestry and 127 of 5 2
Northern European ancestry (eFigure1) -from our in-house HGID (Human Genetic of Infectious 5 3 Diseases) whole-exome sequencing dataset and the public 1000 Genomes Phase 3 whole-genome 5 4 sequencing dataset (Supplementary note). Under the null hypothesis, cases and controls were 5 5 randomly drawn from the source population according to three PS scenarios (absence of PS, 5 6 intermediate and extreme stratification, supplementary note). For power analysis, we selected one gene 5 7 with a cumulative frequency of rare variants of 6.2%, for which we simulated a binary phenotype in 5 8 the source population, assuming a relative risk of the disease of 4 for individuals carrying at least one 5 9 rare variant. We then conducted a sensitivity analysis to investigate the effect on the type I error of the 6 0 number of neighbors in the LocPerm procedure. 6 1
Results

2
The results of the simulation study under the null hypothesis (H 0 ) for the three stratification scenarios 6 3 and various sample sizes are shown in Methods based on permutation (standard and LocPerm) gave correct type I errors. In the presence of 6 8 PS, the strongest type I error inflation was observed for CAST. The addition of the first three PCs to 6 9 the model took PS into account only partially. Inflated type I errors were also observed for standard 7 0 permutations in the presence of PS. Type I error inflation increased with the degree of PS and with 7 1 sample size for CAST and standard permutation, whereas small sample size appeared to be the main the alternative hypothesis are shown in Figure 1 for methods providing a non-inflated type I error rate 8 0 (i.e. standard permutation in the absence of stratification and LocPerm-SE and LocPerm-FE with and 8 1 without stratification). In the absence of stratification, a similar power was achieved for standard 8 2 permutation, LocPerm-FE and LocPerm-SE (43%, 42% and 42% at α =0.01 for standard permutation, 8 3
LocPerm-FE and LocPerm-SE, respectively). In the presence of extreme stratification, the power of 8 4
LocPerm-FE was well conserved, whereas that of LocPerm-SE decreased slightly, consistent with its 8 5 conservative type I error rate in this scenario. 8 6 Discussion 8 7
The inclusion of the first few PCs in the association model is a popular strategy for taking population 8 8 structure into account. However, it is suitable only for methods implemented in a regression 8 9 framework and requires large sample sizes. We found that, in small samples, inclusion of the first 9 0 three PCs in CAST failed to control the type I error in the presence of PS. In situations in which 9 1 permutations were required, the LocPerm procedure proposed here took PS into account effectively, 9 2 with no significant power loss relative to other methods in the absence of PS. The SE approximation 9 3 performed well in all scenarios, being only slightly conservative in the context of extreme PS and 9 4 reducing the computational cost by a factor 10 relative to the FE approach. We did not include 9 5
adaptive permutation (13), in which the number of permutation samples decreases as the observed p-9 6 value increases, in our comparison. However, we would expect the SE approximation to be faster than 9 7 adaptive permutation because it requires only 500 permutation samples, whatever the observed p-9 8 value. 9 9
A permutation approach handling PS was proposed in a previous study (14) . The odds of disease 1 0 0 conditional on covariates were estimated u n d e r a null model of no genetic association, and individual 1 0 1 phenotypes were resampled, using these disease probabilities as individual weights, to obtain 1 0 2 permuted data with a similar PS. However, subsequent studies showed that this procedure was less 1 0 3 efficient than regular PC correction for dealing with fine-scale population structure (15). We show 1 0 4 here that LocPerm, which uses the first 10 PCs weighted by their eigenvalues to compute a genetic 1 0 5 distance matrix, handles complex and extreme PS more effectively than the standard PC-based 1 0 6 correction approach, particularly in the context of small sample size. We focused here on binary traits 1 0 7 and the CAST approach, but it should be straightforward to extend the LocPerm approach to 1 0 8 quantitative traits and other rare variant association tests, particularly for adaptive burden tests 1 0 9 requiring permutations. We thank both branches of the Laboratory of Human Genetics of Infectious Diseases for 1 1 5 helpful 1 1 6 discussions and support. The Laboratory of Human Genetics of Infectious Diseases was supported in part by grants National Center for Advancing Sciences (NCATS), and the Rockefeller University. 
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